Iridoviruses are nucleocytoplasmic DNA viruses which cause great economic losses in the aquaculture industry but also show significant threat to global biodiversity. However, a lack of host cells has resulted in poor progress in clarifying iridovirus behavior. We investigated the crucial events during virus entry using a combination of single-virus tracking and biochemical assays, based on the established virus-cell infection model for Singapore grouper iridovirus (SGIV). SGIV infection in host cells was strongly inhibited when cells were pretreated with drugs blocking clathrin-mediated endocytosis, including sucrose and chlorpromazine. Inhibition of key regulators of macropinocytosis, including Na ؉ /H ؉ exchanger, Rac1 GTPase, p21-activated kinase 1 (PAK1), protein kinase C (PKC), and myosin II, significantly reduced SGIV uptake. Cy5-labeled SGIV particles were observed to colocalize with clathrin and macropinosomes. In contrast, disruption of cellular cholesterol by methyl-␤-cyclodextrin and nystatin had no effect on virus infection, suggesting that SGIV entered grouper cells via the clathrin-mediated endocytic pathway and macropinocytosis but not via caveola-dependent endocytosis. Furthermore, inhibitors of endosome acidification such as chloroquine and bafilomycin A1 blocked virus infection, indicating that SGIV entered cells in a pH-dependent manner. In addition, SGIV particles were observed to be transported along both microtubules and actin filaments, and intracellular SGIV motility was remarkably impaired by depolymerization of microtubules or actin filaments. The results of this study for the first time demonstrate that not only the clathrin-dependent pathway but also macropinocytosis are involved in fish DNA enveloped virus entry, thus providing a convenient tactic for exploring the life cycle of DNA viruses.
V
iruses have developed a "Trojan horse" strategy to overcome barriers to their successful infection of host cells (1, 2) . Viral infection is initiated by contact between the virus and the cell membrane, finally resulting in virus transport to an intracellular replication site for gene expression (3) . Knowledge of how viruses break through the host cell membrane is necessary to further our understanding of virology and cell biology and to improve antiviral drug design. Early studies relied mainly on electron microscopy and biochemical assays; however, a single-virus tracking technique in living cells with high temporal and spatial resolutions in real time has recently provided a powerful tool for elucidating the dynamic events occurring during natural and artificial viruscell interactions (1, 2, 4) . The pathways followed by viruses on their way into and through cells can be observed directly, thus substantially improving our understanding of viral entry.
Numerous viruses hijack cellular endocytic pathways of entry, including clathrin-dependent endocytosis, lipid raft/caveola-dependent and non-clathrin-lipid raft/caveola-dependent pathways, and macropinocytosis (2, (4) (5) (6) . Clathrin-mediated endocytosis is a classical endocytic pathway which most viruses use as the primary means of internalization (7) (8) (9) (10) . During this process, clathrin is assembled on the plasma membrane to form a coated pit (CCP), which then invaginates to form a clathrin-coated vesicle (CCV) containing the internalized cargo. The vesicle subsequently sheds its clathrin coat, followed by acidification and transportation. A series of essential molecules, including Eps15, dynamin, and adapter protein AP2, are involved in this pathway. In multicolor live-cell images, influenza virus and vesicular stomatitis virus (VSV) are shown to induce the de novo assembly of clathrin; in contrast, canine parvovirus and dengue virus diffuse into nascent and assembled CCPs (8, (11) (12) (13) (14) . The lipid raft/ caveola-dependent entry route, which is used by many viruses, including simian virus 40 (SV40), human papillomavirus (HPV), and echovirus 1 (EV1), is generally characterized by high levels of cholesterol and sphingolipids (7) . Caveolae, composed of caveolin, are flask-shaped invaginations of the plasma membrane, which is approximately 50 to 80 nm in size. Because caveolae are associated with cholesterol-rich membrane microdomains termed lipid rafts, disruption of membrane cholesterol severely inhibits lipid raft/ caveola endocytosis-mediated virus entry. Compared with clathrin-mediated endocytosis, vesicles called caveosomes transport via a different route (7, 15, 16) . Macropinocytosis has recently been a focus of attention (17) ; this is a means by which a growing number of viruses, such as vaccinia virus (VACV) (18) , African swine fever virus (ASFV) (19) , and adenovirus serotype 3 (20) , have been found to enter cells and which is usually considered to be a non-receptor-dependent mechanism stimulated by external factors, such as growth factors and pathogens. Macropinocytosis induces membrane ruffles driven by actin polymerization underneath the membrane surface (21, 22) . When a ruffle retracts, it forms large cytoplasmic vacuoles, called macropinosomes, that are up to several micrometers in diameter (23) . Some signal factors, such as phosphoinositide 3-kinase (PI3K), Akt, and protein kinase C (PKC), act to promote membrane ruffling by stimulating actin rearrangement (24) (25) (26) . For VACV strain Western Reserve (WR), virus binding to the cell body triggers dramatic and transient membrane blebbing mimicking apoptosis, and the virus enters the cell during bleb retraction. In contrast, the VACV strain International Health Department-J (IHD-J) induces filopodia on the host cells, rather than apoptotic mimicry (18, 27) . Besides the endocytic pathways mentioned above, another pathway involving non-clathrin-lipid raft/caveola-dependent endocytosis also exists (28) (29) (30) , though the details remain unclear.
Single-virus tracking provides an ideal method for monitoring virus movement. Several viruses, such as murine leukemia virus (MLV), VSV, and HPV, use the actin cytoskeleton beneath the membrane for direct movement along microvilli or filopodia to enter the cell body (31) (32) (33) . Upon internalization, viruses such as VSV, influenza virus, Ebola virus (EBOV), and SV40, which enter via different endocytic pathways, are sorted to different endosomal compartments for efficient navigation and gene release (34) (35) (36) . Viruses internalized via clathrin-dependent and caveoladependent routes are initially delivered to early endosomes (EEs), then sorted into either recycling endosomes or late endosomes (LEs), and eventually fused with lysosomes (LYs) (2) . Viruses entering via macropinocytosis are initially delivered to macropinosomes and subsequently follow a similar route. The Rab small GTPases coordinate vesicular transport and determine endocytic vesicle specificity, so they are important tools to study endosome trafficking (37) . Rab5 is necessary to EEs, while Rab7 is located primarily on LEs and regulates the function of LEs (38, 39) .
Several viruses move along actin or microtubules using a molecular motor, which functions as an active transporter in the crowded cytoplasm (2) . Because the cell interior consists of a densely packed network of organelles, macromolecules, and cytoskeletal components, objects with molecular of masses Ͼ500 kDa cannot diffuse freely within the cytoplasm and require active cellular transport, such as by endocytosis, membrane trafficking, and cytokinesis (4, 40) . Many viruses transport along microtubules by motor proteins, as observed for influenza virus, human immunodeficiency virus (HIV), and adeno-associated virus serotype 2 (11, (41) (42) (43) , while poliovirus (PV) and the surface antigen of hepatitis B virus (HBsAg) have been clearly shown to transport rapidly along actin (4, 44) . Iridoviruses, members of nucleocytoplasmic large DNA viruses (NCLDV), not only cause great economic losses in the aquaculture industry but also are emerging infectious disease agents showing a significant threat to global biodiversity (45, 46) . To our knowledge, iridoviruses are capable of infecting invertebrates and poikilothermic vertebrates, such as insects, fish, amphibians, and reptiles (45, 47) , implying that the iridoviruses can be used as an ideal virus model to investigate virus behavior conveniently and safely in living cells. However, the molecular mechanism underlying iridovirus entry into cells is poorly understood due to the lack of host cells (45) . A type species of the genus Ranavirus, frog virus 3 (FV3), enters into mammalian cells by clathrin-mediated endocytosis (48) . In contrast, recent studies on tiger frog virus (TFV) (a ranavirus) and infectious spleen and kidney necrosis virus (ISKNV) (a megalocytivirus) demonstrate that both of them enter cells via caveola-dependent endocytosis but not clathrinmediated endocytosis (16, 49) . Singapore grouper iridovirus (SGIV) was first isolated from diseased grouper (Epinephelus tauvina) and characterized as a novel member of the genus Ranavirus, family Iridoviridae (50) . SGIV infection induces a highly lethal and serious systemic disease in the grouper industry, often resulting in significant economic losses (50, 51) . Despite extensive research into virus genomics (52) , transcriptomics (53, 54) , and proteomics (55) , as well as the molecular mechanism of SGIVinduced cell death (56) , the crucial events occurring during SGIV entry remain largely unknown, except for some evidence from electron microscopy (50) .
In this study, we examined the process of SGIV infection using biochemical assays and single-particle tracking to detect the dynamic and multiple entry pathways of SGIV. Our results not only contribute greatly to understanding iridovirus pathogenesis but also provide new insights into exploring the natural entry mechanisms of NCLDV in lower vertebrates.
MATERIALS AND METHODS
Cell and viruses. The grouper spleen (GS) cell line used in this study was established in our previous study (57) . Cells were cultivated and maintained in Leibovitz's L-15 medium containing 10% fetal bovine serum (Gibco) at 28°C. For live-cell fluorescence imaging, GS cells were cultured for 18 or 24 h to achieve 75% confluence in 35-mm glass-bottom culture dishes. Cells were washed with serum-free, phenol red-free medium prior to fluorescence experiments and were maintained in this medium for confocal imaging and real-time experiments. For biochemical analysis and immunofluorescence assay (IFA), GS cells were seeded on coverslips in 6-well plates or cultured in 24-well plates for 18 or 24 h to achieve 75% confluence.
The SGIV used in this study was originally isolated from diseased grouper (E. tauvina) (50) . SGIV was propagated in GS cells, and virus stocks were maintained at Ϫ80°C.
Reagents. Chlorpromazine (CPZ), sucrose, dynasore, methyl-␤-cyclodextrin (M␤CD), nystatin, ethyl-isopropyl amiloride (EIPA), chloroquine (CQ), bafilomycin A1 (Baf A1), cytochalasin D (Cyto D), and nocodazole were purchased from Sigma-Aldrich. All drugs, except CPZ, sucrose, and M␤CD were dissolved in dimethyl sulfoxide (DMSO) according to the manufacturer's instructions. The lipophilic dye DiO and amine-reactive Cy5 were purchased from Biotium. Alexa Fluor 488 phalloidin and LysoTracker were obtained from Invitrogen, and fluorescein isothiocyanate (FITC)-dextran (10 kDa) was purchased from Sigma. In addition, the plasmids pEGFP-Rab7, pEGFP-Rab5, pEGFP-tub, and pEGFP-CLa used in this study were kept in our lab.
Virus purification and fluorescence labeling. Virus purification was carried out as described previously (50) . Briefly, SGIV was inoculated onto confluent monolayers of GS cells at a multiplicity of infection of approximately 0.1. When the cytopathic effect was sufficient, the medium containing SGIV was harvested, followed by three cycles of rapid freezing and thawing. The medium was then centrifuged at 12,000 ϫ g (Eppendorf 5810R centrifuge) for 30 min at 4°C. The supernatant was centrifuged at 200,000 ϫ g (Beckman 70 Ti rotor) for 1 h at 4°C, and the pellet was resuspended in TN buffer (50 mM Tris-HCl, 150 mM NaCl, pH 7.5), layered onto a gradient of 30 to 60% (wt/vol) sucrose, and centrifuged at 150,000 ϫ g (Beckman SW 40 rotor) for 1 h at 4°C. The resulting virus bands were collected and diluted with TN buffer. Virion pellets were washed by centrifugation at 100,000 ϫ g for 1 h at 4°C, collected and suspended in TN buffer, and then stored at Ϫ80°C until use. SGIV particles were examined by transmission electron microscopy and labeled with Cy5 by incubating SGIV stock solution with dye in phosphate-buffered saline (PBS) (pH 7.4) at room temperature for 2 h with gentle vortexing. Unincorporated dye was removed by three high-speed centrifugations at 14,000 ϫ g (Eppendorf 5810R centrifuge) at 4°C for 60 min. Immediately before experiments, viral aggregates were removed by passage through 0.2-m-pore-size filters (Supor membrane; Pall) and examined under transmission electron microscopy.
Cell transfection. GS cells grown to 70% confluence were transiently transfected with plasmids using the X-tremeGENE HP DNA transfection reagent (Roche) according to the manufacturer's instructions. In brief, 1 to 2 g of plasmid and 2 to 4 l of transfection reagent were mixed in L-15 medium and then incubated with GS cells. After another 24 h of culture, the fluorescence was observed under confocal laser scanning microscopy (CLSM) for further studies.
Kinetics of SGIV infection. GS cells were incubated with SGIV for 0, 1, 2, 3, 4, 5, 6, 7, or 8 h at 28°C. Citrate buffer (40 mM sodium citrate, 10 mM KCl, and 135 mM NaCl, pH 3.1) was added and left for 45 s to inactivate and remove noninternalized viruses. Cells were examined at 48 h postinfection (hpi) by IFA using anti-VP19 antibody (58) .
Kinetics of SGIV entry. GS cells were prechilled at 4°C for 30 min and exposed to SGIV for 30 min at 4°C for virus binding. The cells were then washed with precooling medium before addition of fresh medium. Noninternalized viruses were inactivated and removed with citrate buffer at 0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, and 4 h after a shift to 28°C. The cells were collected at 36 hpi for IFA.
SGIV uptake and infection assays. To analyze SGIV uptake, GS cells were pretreated with the inhibitors listed above (except for Cyto D and nocodazole) in serum-free medium at 28°C for 2 h. SGIV was then added to the medium in the presence of the drugs and left for 2 h at 28°C. Cells were either washed twice with medium and fixed with 4% paraformaldehyde for further analysis by CLSM or washed once with citrate buffer to remove noninternalized viruses and harvested at 48 hpi to prepare for IFA or Western blotting.
For tracking experiments, cells were incubated in medium containing Cyto D for 60 min or in medium containing nocodazole for 120 min to disrupt actin filaments or microtubules, respectively, prior to infection. Image acquisition was performed in the presence of drugs during all experiments.
Fluorescence microscopy and real-time virus tracking assay. Fluorescent images were obtained through a Leica TCS SP2 confocal microscope. Cy5-labeled SGIV particles were excited with a 633-nm heliumneon laser, and DiO, enhanced green fluorescent protein (EGFP), Alexa Fluor 488 phalloidin, FITC-dextran, and LysoTracker were excited with a 488-nm Ar-Kr laser. A custom-designed polychroic beam splitter that reflected at 650 to 680 and 500 to 530 nm was used to direct the laser lines onto the samples, respectively. Fluorescence emission was collected and imaged through a 100ϫ oil immersion objective with a numerical aperture of 1.4. Experiments were conducted at 28°C. For real-time tracking, two-color live-cell fluorescence imaging was performed, and image series were recorded at a frequency of several seconds per frame. The motility of viruses and colocalization of viruses with various cellular structures were analyzed using Image-Pro Plus 6.0 and MATLAB.
Western blotting. Cells were harvested and lysed in PBS containing 1ϫ sodium dodecyl sulfate (SDS) loading buffer. The protein concentration was measured using a Bradford protein assay kit. Cell lysates were fractionated by SDS-polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride membranes for 70 min. The separated proteins were reacted with anti-VP19 as the primary antibody, at a dilution of 1:1,000. The secondary antibody was horseradish peroxidase-goat antimouse antibody at a dilution of 1:1,000. Internal control reactions to detect ␤-actin were carried out simultaneously. Immunoblots were visualized using an enhanced chemiluminescence detection system according to the manufacturer's protocol (Amersham ECL Western blotting detection kit). Data were obtained from three independent experiments.
Immunofluorescence microscopy. Cells were fixed with 4% paraformaldehyde, permeabilized with 0.2% Triton X-100 for 15 min, and blocked with bovine serum albumin (BSA) (Sigma). Cells were then washed three times with PBS and incubated with primary antibodies against VP19 (1:100) diluted in 0.2% BSA at room temperature for 2 h. After washing, fluorescence isothiocyanate-conjugated goat anti-mouse IgG was added and left at room temperature for 2 h. Cells were imaged under an inverted fluorescence microscope (Zeiss, Germany).
RESULTS

Dynamics of SGIV entry into GS cells.
Virus infection and entry kinetics were determined in GS cells. The percentage of SGIV infection of GS cells initially increased rapidly, reaching the halfmaximal level (50%) at 30 min, and plateaued after 2 h (Fig. 1A) . Analysis of SGIV entry consistently indicated that most SGIV viral particles entered GS cells at 1 hpi (Fig. 1B) , suggesting that SGIV entry is relatively rapid compared with those of TFV and ISKNV (16, 49) .
To detect the course of SGIV entry visually, SGIV particles were labeled with fluorescent dye and individual virus particles were tracked by CLSM. Using Cy5-N-hydroxysuccinimide, which could spontaneously insert into the viral capsid, we found that Cy5-labeled SGIV-infected GS cells as well as wild-type SGIV particles (data not shown). After incubation with Cy5-labeled SGIV at 4°C for 30 min, cells were plated rapidly at 28°C to initiate infection. Cells were fixed for observation at the indicated time points (0, 30, 60, and 120 min). As shown in Fig. 1C , SGIV virus particles bound to the cell plasma membrane without endocytosis at 4°C, and infection was rapidly initiated when the temperature was increased to 28°C, followed by a time-dependent increase in virus particles in the cytoplasm with increasing infection time ( Fig. 1D to F) . The number of virus particles remained similar between 1.5 and 6 hpi (data not shown), suggesting that SGIV entry was complete by 120 min after infection.
Several viruses rely on retrograde transport of actin-rich filopodia before becoming internalized (31) (32) (33) . We recorded and analyzed the actions of single Cy5-labeled SGIV particles. SGIVs traveled along filopodia-like protrusions to reach the surface of the cell body and then moved from the cell membrane toward the intracellular environment ( Fig. 2A ; see Movie S1 in the supplemental material). Meanwhile, individual SGIV particles attached to the protrusion arrived at the cell surface as the protrusion retracted ( Fig. 2B ; see Movie S2 in the supplemental material).
Clathrin-mediated endocytosis is involved in SGIV entry. To determine the role of clathrin-mediated endocytosis in SGIV entry, we blocked clathrin-dependent endocytosis using CPZ and sucrose. CPZ can prevent the assembly of coated pits at the cell surface and can induce clathrin lattices to assemble on endosomal membranes, while hypertonic sucrose can disturb the formation of CCVs on the cell membrane, thereby hindering clathrin-dependent endocytosis (59) . Confocal images revealed a noticeable reduction in Cy5-labeled SGIV particles entering cells treated with 20 M CPZ compared with mock-treated cells (Fig. 3A) . We pre- viously demonstrated that SGIV VP19 was an envelope protein that could be specifically recognized by antibody against VP19 during SGIV infection (58) . In the present study, we also assessed the percentage of SGIV-infected cells under treatment with different drugs using IFA. Fluorescent signaling was obviously reduced in the presence of CPZ (Fig. 3B) , and the percentage of SGIV was significantly decreased to 21% (Fig. 3C ). Viral protein synthesis was determined by Western blotting. CPZ greatly inhibited viral protein synthesis compared with that for untreated controls (Fig.  3C) , while 300 M sucrose also significantly decreased the percentage of SGIV-infected cells and VP19 protein synthesis (Fig.  3D) . The effects of both CPZ and sucrose on SGIV entry were dose dependent.
Dynamin is an essential cellular GTPase involved in cellular membrane fission during vesicle formation. It exerts vital roles in clathrin-dependent and lipid raft/caveola-dependent endocytic pathways (7) . We therefore validated the role of dynamin in SGIV entry using dynasore, which rapidly and specifically inhibits the GTPase activity of dynamin (60) . The percentage of SGIV-infected cells decreased significantly in the presence of dynasore, in a dose-dependent manner (Fig. 3E ). Viral structural protein synthesis and SGIV particles were obviously reduced in SGIV-infected dynasore-treated cells (Fig. 3A and E) . Furthermore, to determine if SGIV virus particles were associated with clathrin, GS cells were transfected with pEGFP-LCa to indicate clathrin, and after SGIV infection, some virus particles colocalized with clathrin clusters (Fig. 3F) . Together, these results establish that dynamindependent and clathrin-mediated endocytosis is involved in SGIV entry.
Entry of SGIV is independent of lipid raft/caveolin. Iridoviruses, including TFV and ISKNV, enter cells via caveola-dependent endocytosis (16, 49) . We therefore investigated whether lipid raft/caveola-dependent endocytosis was also involved in SGIV infection. M␤CD disrupts cholesterol-rich microdomains, while nystatin is a sterol-binding drug (61, 62) , and both M␤CD and nystatin can therefore block the lipid raft/caveola-dependent endocytic pathway. Cells were pretreated with various concentrations of M␤CD or nystatin and incubated with Cy5-labeled SGIV for 120 min. Samples were then examined by CLSM. There were no obvious differences in SGIV uptake among M␤CD, nystatintreated, or mock-treated cells (Fig. 4A) . Furthermore, SGIV infectivity was unaffected by M␤CD or nystatin treatment (P Ͼ 0.05), even at the highest concentrations, and neither M␤CD nor nystatin had any effect on viral protein synthesis (Fig. 4B and C) . These results reveal that cell entry of SGIV is independent of lipid raft/ caveolin-dependent endocytosis.
SGIV uses macropinocytosis to enter host cells. Apart from the clathrin-and caveolin-mediated endocytotic processes, macropinocytosis is a unique mode of endocytosis that has received increasing attention because of its roles in immune defense and virus entry (17, 63) . Numerous reports have demonstrated that macropinocytosis is an important alternate route for the cellular entry of mammalian viruses; however, its role in DNA virus infection of lower vertebrates remains largely unknown. We used the 
Na
ϩ /H ϩ exchanger inhibitor EIPA, which specifically inhibits macropinocytosis, to clarify the role of macropinocytosis in SGIV entry. Treatment with 40 M EIPA reduced the uptake of fluorescently labeled SGIV particles in the cytoplasm (Fig. 5A) . Moreover, IFA showed that the percentage of SGIV-infected cells was significantly reduced in the presence of 20 M or 40 M EIPA, compared with mock-treated cells (P Ͻ 0.05), suggesting that SGIV entry depended on the Na ϩ /H ϩ exchanger (Fig. 5B and C ). Viral protein synthesis was also significantly reduced by treatment with EIPA. Furthermore, some virus particles colocalized with the fluid-phase marker dextran, which could indicate macropinosomes (Fig. 5D) .
Increasing numbers of studies have reported signaling events during the macropinocytic mechanism of endocytosis, especially to E) SGIV infectivity and viral protein synthesis are impaired by CPZ (C), sucrose (D), and dynasore (E). GS cells were pretreated with different drugs at the indicated concentrations for 120 min and were then infected with SGIV for 120 min. After being washed in citrate buffer to remove noninternalized viruses, the cells were collected at 48 hpi. The infection rate was examined by IFA and was quantified as the percentage of treated cells with incorporated viruses relative to that for untreated cells. The viral infection rate of untreated cells was arbitrarily set as 100%. The data shown are the means and standard deviations (SD) of the results from three independent experiments. Endogenous ␤-actin was used as an internal loading control for Western blotting. (F) SGIV particles colocalize with clathrin. GS cells were transfected with pEGFP-LCa prior to incubation with Cy5-labeled SGIVs. The arrow indicates an individual SGIV particle (red) colocalized with clathrin (green). Scale bars are 10 m (A and F) and 50 m (B). *, P Ͻ 0.05. DMSO, dimethyl sulfoxide.
FIG 4 Inhibition of caveolin-mediated endocytosis does not block SGIV entry. (A) M␤CD and nystatin do not inhibit SGIV uptake. GS cells were pretreated with
various concentrations of M␤CD or nystatin, followed by infection with Cy5-labeled SGIV (red) for 120 min. After the infected cells were labeled with DiO (green), more than 100 cells were examined by CLSM. (B and C) M␤CD (B) and nystatin (C) have no influence on SGIV infectivity or viral protein synthesis. GS cells were pretreated with different concentrations of M␤CD or nystatin for 120 min and then incubated with SGIV for 120 min. After being washed with citrate buffer to remove noninternalized viruses, the cells were harvested at 48 hpi. Infectivity was examined by IFA, and the level of infection of the treated cells was normalized to that of the untreated cells. The results are from triplicate experiments, and error bars indicate the means Ϯ SD. The levels of SGIV viral protein and ␤-actin were analyzed by Western blotting. Scale bars are 10 m. *, P Ͻ 0.05.
in the macropinocytic entry of virus particles (17) . Activation of PAK1, the small GTPase Rac1, and a functional actomyosin network was shown to be essential for macropinocytosis during influenza virus entry (64), while EV1 and VACV entry via macropinocytosis depended on PAK1 and PKC (65, 66) . In our study, the regulation of myosin II activity by phosphorylation of myosin light chain was inhibited by ML-7, and Rac1 activity was specifically inhibited by NSC23766, without affecting the closely related Rho-GTPases. We also used rottlerin and IPA-3 to inhibit PKC and PAK1 activities in GS cells, respectively. As shown in Fig. 6 , ML-7 (Fig. 6A), NSC23766 (Fig. 6B), rottlerin (Fig. 6C) , and IPA-3 ( Fig. 6D) all significantly decreased the percentage of SGIV infection and reduced protein synthesis in a dose-dependent manner, as examined by IFA and Western blotting, suggesting that multiple signaling molecules were involved in SGIV entry. These data provide strong evidence to suggest that SGIV enters cells via the macropinocytosis pathway.
SGIV entry is pH dependent. Enveloped viruses such as influenza virus and VACV generally enter host cells by fusion with the plasma membrane, or via a low-pH endosomal route (67) . However, endocytic entry of some viruses, including ISKNV, Epstein-Barr virus, and duck hepatitis B virus (DHBV), does not involve a pH-triggered step (49, 68, 69) . To assess the role of low pH in SGIV infection, GS cells were pretreated with various concentrations of Baf A1 or CQ, which could inhibit the acidification of endosomes and LYs (70, 71) . Both Baf A1 and CQ reduced SGIV infection, compared with that of mock-treated cells (Fig. 7A and B) . Moreover, viral protein synthesis was strongly inhibited even in the presence of low concentrations of Baf A1 or CQ (Fig. 7A and B) .
The endosome system, which could provide acidic compartments, usually plays a vital role in virus entry into host cells (72) . During the endocytic process, virus particles trafficked from EEs to the LEs, followed by LYs (73) . To determine if SGIV particles were tightly associated with the endosomes and LYs, we labeled EEs, LEs, and LYs by transfection with pEGFP-Rab5 and pEGFP-Rab7 and staining with LysoTracker, respectively. It was revealed that fluorescent SGIV particles colocalized and transported along with EEs, LEs, and LYs during the early stage of infection ( Fig. 7C ; see Movies S3 to S5 in the supplemental material). These results demonstrate that SGIV enters host cells in a pH-dependent manner.
SGIV entry into GS cells is dependent on the cytoskeleton.
Upon internalization, viruses are usually delivered to endosomal compartments and transported to the nucleus along actin filaments/microtubules (74, 75) . Live-cell imaging has shown that many viruses, such as HIV, influenza virus, and human adenovirus, travel along microtubules at speeds of several micrometers per second (2, 11, 76, 77) , while PV and HBsAg show actindependent, microtubule-independent movements with high speeds (up to 5 m/s) (2, 4, 44) . To demonstrate the roles of microtubules/actin filaments during intracellular transport of SGIV, we detected the correlations between SGIV particles and microtubule/actin filaments. pEGFP-tub was transfected into GS cells to indicate microtubules, and Alexa Fluor 488 phalloidin was used to label actin filaments. Tracking of individual SGIV particles showed that the particles colocalized with actin filaments and microtubules (Fig. 8) . At 30 min postinfection, numerous SGIV particles were located in the actin-rich protrusions extending from the cell surface, and several virus particles were observed on the same protrusion simultaneously (Fig. 8A) . At 0.5 to 1 hpi, SGIV protein synthesis. GS cells were pretreated with various concentrations of drugs for 120 min and then incubated with SGIV for 120 min. After being washed with citrate buffer to remove noninternalized viruses, the cells were collected at 48 hpi. IFA was performed to calculate the rate of SGIV infection (n ϭ 3; mean Ϯ SD), and the level of viral protein expression was detected by Western blotting. *, P Ͻ 0.05.
FIG 7
The low-pH endocytic pathway is required for SGIV infection. (A and B) Baf A1 and CQ reduce SGIV infectivity and viral protein synthesis. GS cells were pretreated with various concentrations of Baf A1 (A) and CQ (B) for 120 min and then incubated with SGIV for 120 min. After being washed with citrate buffer to remove noninternalized viruses, the cells were collected at 48 hpi. IFA was performed to calculate the rate of SGIV infection (n ϭ 3; mean Ϯ SD), and the level of viral protein expression was detected by Western blotting. *, P Ͻ 0.05. (C) SGIV particles are delivered to endocytic compartments during entry. After a 24-h posttransfection with pEGFP-Rab5 and pEGFP-Rab7, GS cells were infected with Cy5-labeled SGIV and immediately captured by CLSM. SGIV particles were observed with Rab5 and Rab7 at 30 and 60 min postinfection, respectively. Cells treated with LysoTracker after incubation with SGIV for 90 min were also observed, showing that SGIV particles were located in LYs. Scale bars are 10 m.
particles colocalized with dot-like actin and long actin filaments ( Fig. 8B and C) . In addition, SGIV particles were observed to move along microtubules during infection ( Fig. 8D ; see Movie S6 in the supplemental material), suggesting that both actin filaments and microtubules may be crucial for virus transport during infection.
To clarify the roles of actin filaments and microtubules during SGIV infection, the motility of SGIV particles was investigated after treatment with agents that depolymerized these cytoskeleton components. The trajectories of SGIV particles were extracted from digital images with a shortest-path tree algorithm, and the speeds calculated by two-dimensional data analysis of three-dimensional virus particle motion represented the lower bounds of the actual speeds (40) . The motilities of individual SGIV particles in GS cells varied in control cells ( Fig. 9A and B ; see Movie S7 in the supplemental material), with the highest speed reaching 0.9 m/s (Fig. 9C) ; some viruses were virtually static (arrow in Fig.  9B ), while others showed directed movement covering several square micrometers (arrowhead in Fig. 9B ). The motility of SGIV particles remained heterogeneous, but with relatively low speeds, after treatment with nocodazole, which depolymerizes microtubules by preventing the formation of one of the two interchain disulfide linkages ( Fig. 9D to F ; see Movie S8 in the supplemental material). In contrast, SGIV particles were mostly confined to a limited area with a speed of Ͻ0.4 m/s after treatment with Cyto D, which inhibits actin filament elongation at the barbed end ( Fig.  9G to I ; see Movie S9 in the supplemental material). We also studied the motility of SGIV particles quantitatively. The percentages of SGIV trajectories with a peak speed of Ͼ0.05 m/s were 30.4% in untreated cells, 10.6% in nocodazole-treated cells, and 12.8% in Cyto D-treated cells, indicating a significant reduction (P Ͻ 0.05) in the percentage of trajectories with a peak speed of Ͼ0.05 m/s following treatment with nocodazole or Cyto D (Fig.  9J) . We found similar results using 0.1, 0.15, 0.2, 0.25, and 0.3 m/s as instantaneous threshold speeds, confirming that treatment with nocodazole and Cyto D reduced the motility of SGIV during infection. Mean-square displacement (MSD) analysis of particles showed that the average MSD was substantially reduced in nocodazole-and Cyto D-treated cells compared with untreated cells (Fig. 9K) .
DISCUSSION
Viruses have evolved to exploit endocytosis as an effective means of entering host cells and being transported to sites suitable for replication. Knowledge of virus entry pathways is therefore important for understanding viral pathogenesis and developing effective drugs to block virus infection before entry, which represents the early, critical stage of infection. Iridoviruses are large DNA viruses that can infect cold-blooded vertebrates, invertebrates, crustaceans, and molluscs (78) . The family Iridoviridae is currently composed of five genera: Ranavirus, Lymphocystivirus, Megalocytivirus, Iridovirus, and Chloriridovirus. Among these genera, ranaviruses have attracted much attention because of their impact on global ecological diversity and their role in heavy economic losses in the aquaculture industry (50, 79, 80) . Although the events occurring during the early stage of ranavirus infection, especially virus entry, have been investigated, studies have been carried out only in nonhost cells (48, 49) . Given that viruses can infect a wide variety of cell types and display different entry routines in different cells (81, 82) , investigating the mechanism of entry into host cells is essential and critical for understanding the true behavior of ranavirus infection.
The well-characterized endocytic pathways exploited by viruses include clathrin-dependent and lipid raft/caveola-depen- dent entry pathways (27) . In clathrin-mediated endocytosis, clathrin is assembled on the inside face of the plasma membrane to form CCPs in response to virus infection. CPZ is known to inhibit clathrin-mediated endocytosis by preventing CCP assembly at the cell surface (9) . Treatment with CPZ has revealed that several viruses enter cells via clathrin-mediated endocytosis, including HIV (83), hepatitis C virus (HCV) (84) , ASFV (9), bovine ephemeral fever virus (BEFV) (10), HBV (85) , rabies virus (86) , and astrovirus (87) . In our study, the percentage of SGIV-infected cells and viral protein synthesis were significantly and dose-dependently reduced by treatment with CPZ, while another inhibitor, hyperosmotic sucrose, which prevents clathrin and adapters from interacting (88), had a similar inhibitory effect on SGIV entry. Furthermore, after virus internalization, SGIV infection and viral protein synthesis were significantly inhibited by pretreating host cells with CQ or Baf A1, both of which are known to prevent endosome acidification. We therefore propose that SGIV enters host cells by clathrin-mediated endocytosis in a pH-dependent manner.
In addition to the inhibitory effect of clathrin-dependent pathway-specific inhibitors on SGIV entry, SGIV viral particles were also observed to colocalize with clathrin, Rab5, and Rab7 in host cells. Moreover, in accordance with a previous study showing that uptake by CCPs is a fast process relative to uptake by caveosomes (89), clathrin-mediated SGIV entry was relatively fast, compared with caveola-mediated endocytic entry of TFV and ISKNV (16, 49) . These data thus consistently demonstrated that ranaviruses use clathrin-mediated endocytosis to enter host cells.
In contrast to clathrin-mediated endocytosis, caveolin-1 moves with caveola-derived vesicles to multiple interior compartments in the cytoplasm during caveola-dependent endocytosis. Because caveolae are rich in cholesterol and sphingolipids, caveola-mediated endocytosis is sensitive to cholesterol-depleting reagents such as filipin, nystatin, and M␤CD (90) . Some viruses, such as SV40 (91) , TFV (49), ISKNV (16), EV1 (92), human HBV (93), MLV (94), coronavirus (95) , and BK virus (96) , enter cells via caveola-dependent, clathrin-independent endocytosis. However, our data revealed no reduction of SGIV infection by M␤CD or nystatin, suggesting that lipid rafts and caveolae were not involved in SGIV entry and indicating that the caveola-mediated endocytosis is not a universal requirement for iridovirus entry into host cells.
The GTPase dynamin is a crucial element in the fission process of newly formed endocytic vesicles from the plasma membrane and is required for clathrin-mediated and lipid raft/caveola-based endocytosis (97) (98) (99) . Many viruses, including rabies virus (86), BEFV (10), Rift Valley fever virus (100), and ASFV (9), have been shown to exploit the dynamin-dependent clathrin-mediated pathway to enter cells. Furthermore, some viruses enter cells via the dynamin-dependent caveola-mediated pathway, such as SV40 (101), Japanese encephalitis virus (102), TFV (49) , and ISKNV (16) . Dynasore is an effective dynamin inhibitor that can rapidly inhibit dynamin's GTPase activity and ultimately block dynamindependent endocytosis in cells (60) . Using dynasore, we showed that inhibition of dynamin significantly decreased the percentage of SGIV infection and inhibited virus protein synthesis. Although infection by SGIV and that by another ranavirus, TFV, both depend on dynamin (49), the entry routines differ, suggesting that the mechanisms of iridovirus entry are complex.
In addition to clathrin-mediated, lipid raft/caveola-mediated entry, increased attention has recently been paid to the role of macropinocytosis in virus entry (17) . The importance of Na ϩ /H ϩ exchanger activity in macropinocytosis has led to use of the potent and specific Na ϩ /H ϩ exchange inhibitor EIPA to evaluate the impact of macropinocytosis on virus entry (18) . Macropinocytosis has been shown to be involved in the entry of many mammalian viruses, including EV1 (65), respiratory syncytial virus (103), filamentous influenza virus (104) , EBOV (105), ASFV (19) , VACV (66) , and human cytomegalovirus (106) . However, few studies have focused on the roles of macropinocytosis in fish virus entry (107) . Our data showed that EIPA significantly inhibited SGIV entry and reduced viral protein synthesis. Moreover, SGIV particles were observed not only to bind to actin-rich protrusions extending from the cell surface but also to move to the cell surface by surfing along filopodia-like protrusions of GS cells or by protrusion retraction. Thus, we proposed that these protrusions may facilitate SGIV entry. In influenza virus-infected cells, actin-rich protrusions at the periphery of the cell can be stained by phalloidin and may result in the formation of macropinosomes (64) . Furthermore, SGIV infection induced the uptake of dextran, which is a known marker of macropinocytosis/fluid-phase uptake, and numerous viral particles were colocalized with macropinosomes, suggesting a role for macropinocytosis in SGIV entry.
Several recent reports have demonstrated that certain signaling events are critical for defining the role of macropinocytosis in virus entry (17) . Inhibitor analysis indicated that kinases such as PKC and PAK1, GTPase Rac1, and a functional actomyosin network were essential for macropinocytosis. As one of the most important kinases, PAK1 may be activated by Rac1, regulate cytoskeleton dynamics and motility, and be required during all stages of macropinocytosis (108) . In our study, inhibition of PAK1 activity by IPA-3 or inhibition of Rac1 activity by NSC23766 significantly inhibited SGIV entry. In addition, inhibition of myosin II activity by ML-7 or inhibition of PKC activity by rottlerin also inhibited SGIV entry. Moreover, the inhibitory roles of these inhibitors were dose dependent, suggesting the involvement of multiple critical signaling molecules for macropinocytosis in SGIV entry. Based on these results, we propose that SGIV, similarly to EBOV, enters host cells via both macropinocytosis and clathrinmediated endocytosis (109) .
After internalization, viruses confront the issue of how to reach the site of replication, given that the size of viruses and the density of the cytoplasm prevent virus particles from reaching their desired destinations by free diffusion (41, 110) . Viruses therefore hijack the host's cellular transport system, including microtubuleand actin-dependent transportation (4, 41, 44, 74, 110) . Fluorescently labeled SGIVs colocalized with actin filaments and trafficked along microtubules in cells, suggesting that both actin filaments and microtubules may be involved in the movement of SGIV. Similarly, the cytoplasmic movement of influenza virus has also been shown to rely on both actin filaments and microtubules during different stages of infection (11) .
It has been reported that viruses such as PV, adenovirus serotype 5, and HCV can move along actin filaments or microtubules at speeds of around 0.2 to 5.0 m/s, similar to the speed of cellular particles (40, 75, 111, 112) , which is much faster than the speeds achieved by random walking. In our study, the highest instantaneous velocity of SGIV particles measured was 0.9 m/s, similar to that of infectious hematopoietic necrosis virus (IHNV) (113) . Nocodazole or Cyto D/B can cause substantial inhibition of virus motility in many viruses, including influenza virus (11), PV (40) , and HBsAg (44) . SGIV particles showed consistently lower instantaneous speeds in microtubule-or actin-deficient cells and were confined to a small area in cells lacking intact actin. Although we clarified that actin and microtubules were required for SGIV infection, whether the molecular motors, including myosins, kinesins, and dyneins, are involved in virus transport needs further investigation.
In conclusion, the evidence presented here demonstrates that SGIV enters host cells by clathrin-mediated endocytosis and macropinocytosis (Fig. 10) . This process differs from caveola-mediated endocytosis, exploited by TFV or ISKNV, and clathrin-mediated endocytosis, demonstrated by FV3 (16, 48, 49) . Once taken up by endocytosis, SGIV particles transport along actin filaments and microtubules in the cytoplasm. We propose that the ability of iridoviruses to initiate infection via multiple entry routes may be associated with their broad host range. In the case of mammalian viruses, bluetongue virus (BTV) can infect a wide variety of cell types in its mammalian host, and BTV-10 entry into Vero and HeLa cells occurs via clathrin-mediated endocytosis, while BTV-1 infection of BHK cells occurs via a clathrin-independent macropinocytosis-like entry mechanism (81, 82) . Further studies are needed to determine the detailed mechanisms involved in the entry routes that iridoviruses use and the relevance of different entry pathways to virus pathogenesis.
FIG 10
Model entry route of SGIV into GS cells. A, SGIV particles may transport along actin-rich protrusions to reach the cell surface. B, internalization of SGIV particles by clathrin-mediated endocytosis and macropinocytosis. C, internalized particles contained within CCVs and macropinosomes. D, CCVs containing individual SGIV particles are rapidly uncoated. E, the virus is transported to the EE. F, an EE matures into an LE by decreasing its pH, and the macropinosome may also undergo acidification. G, further acidification brings the LE to the LY. C and D may represent actin-dependent movement, while E, F, and G may represent microtubule-dependent movement.
